Type 1 diabetes is an autoimmune disorder characterized by the selective destruction of pancreatic β cells, resulting in insulin deficiency and hyperglycemia. Studies of both humans (1) and the NOD mouse model (2, 3) have shown that β cell destruction is mediated largely by T lymphocytes. Despite the direct β cell cytotoxic role of T cells during diabetes progression, prediction of disease in both humans and the NOD mouse has been based primarily on the presence of circulating autoantibodies to putative T cell antigens (4, 5). Detection and characterization of antigen-specific T cells from peripheral blood during the progression of type 1 diabetes, or other autoimmune diseases, has thus far not been possible without in vitro manipulation. Consequently, little is known regarding the evolution of autoreactive T cell populations during the natural history of autoimmune diseases.
Introduction
Type 1 diabetes is an autoimmune disorder characterized by the selective destruction of pancreatic β cells, resulting in insulin deficiency and hyperglycemia. Studies of both humans (1) and the NOD mouse model (2, 3) have shown that β cell destruction is mediated largely by T lymphocytes. Despite the direct β cell cytotoxic role of T cells during diabetes progression, prediction of disease in both humans and the NOD mouse has been based primarily on the presence of circulating autoantibodies to putative T cell antigens (4, 5) . Detection and characterization of antigen-specific T cells from peripheral blood during the progression of type 1 diabetes, or other autoimmune diseases, has thus far not been possible without in vitro manipulation. Consequently, little is known regarding the evolution of autoreactive T cell populations during the natural history of autoimmune diseases.
Although the detection of antigen-specific T cells using MHC tetramers has permitted careful characterization of T cell responses to many viral and bacterial infections (6, 7) , attempts to elucidate the in vivo dynamics of autoreactive T cells during the progression of autoimmune diseases have been less successful. With a single exception (8) , attempts to visualize autoreactive T cells in peripheral blood or lymphoid organs ex vivo with MHC tetramers bearing naturally-occurring ligands have failed (9) (10) (11) (12) (13) (14) , possibly because of the lower avidity that T cells have for self versus foreign peptide/MHC ligands (15, 16) . To overcome this limitation, we have engineered high-avidity peptide/MHC tetramers capable of stably interacting with low-avidity autoreactive T cells, thus facilitating their detection. The visualization of lowavidity T cell populations in peripheral blood would provide a simple, minimally invasive method for assessing the presence of autoreactive T cells within infiltrated tissues and might therefore be useful for predicting the development of autoimmune disease.
The feasibility of employing a high-avidity MHC tetramer to detect relatively low-avidity autoreactive T cells was investigated using NOD mice, an extensively studied model of human type 1 diabetes (3, 17) . In these mice, diabetes develops by 16 to 20 weeks of age in approximately 80% of females and is preceded by a prolonged period of mononuclear cell inflammation of the pancreatic islets (insulitis) that begins at approximately 3-4 weeks of age. During the period spanning the progression of insulitis to overt diabetes, autoreactive T cell populations expand, accumulate, and destroy β cells.
CD8 + CTLs are an essential component of β cell destruction and are necessary for diabetes development (18, 19) . To date, two β cell-specific CTL epitopes have been described in NOD mice. The first is an epitope derived from the insulin B chain (INS) (9) , and the second is a peptide mimotope designated NRP (20) , for which the endogenous counterpart is currently unknown. CD8 + T cells specific for INS have been reported to account for the majority of T cells within the pancreatic islets of young NOD mice (9) . In contrast, NRP-reactive CD8 + T cells predominate in cultured pancreatic islets from NOD mice in the weeks just before the onset of diabetes (10) . As well, T cell receptor-transgenic (TCR-transgenic) NOD mice that express an NRP-reactive TCR (8.3-NOD mice) develop diabetes at an accelerated rate, suggesting that these particular CTLs are important mediators of β cell damage in vivo (21) . In this study, high-avidity peptide/MHC class I tetramers were developed and used to determine the temporal relationship between the appearance of autoreactive T cells in peripheral blood, secondary lymphoid organs, and pancreatic islets and the development of diabetes. We show, we believe for the first time, that the development of an autoimmune disease can be predicted based on the presence of antigen-specific cytotoxic T cells in the peripheral blood.
Methods
Mice. Female NOD mice were purchased from The Jackson Laboratories (Bar Harbor, Maine, USA) and maintained in a specific pathogen-free animal facility at our institution. Blood glucose was monitored using a Glucometre Elite monitor (Bayer Canada, Toronto, Ontario, Canada), and diabetes was defined as two consecutive readings ≥ 15 mM. Diabetic mice were maintained on 0.5 U/day of Humulin NPH (Eli Lilly, Toronto, Ontario, Canada) or with LinBit insulin implants (LinShin Canada Inc., Scarborough, Ontario, Canada). All animal experiments were performed in accordance with the rules of the Animal Care Committee, University of British Columbia.
Peptides and tetramers. The peptides NRP (KYNKAN-WFL), NRP-A7 (KYNKANAFL), NRP-V7 (KYNKANVFL), INS (LYLVCGERL), and TUM (KYQAVTTTL) were prepared by FMOC chemistry and purified by reverse-phase HPLC (> 90% purity) at the University of British Columbia. The INS peptide was modified (Gly9Leu) from its endogenous counterpart to increase MHC class I stability, without affecting CTL binding ability. H2-K d tetramers were prepared as described (22) Enzyme-linked immunospot assays. Enzyme-linked immunospot (ELISpot) plates (Millipore Corp., Bedford, Massachusetts, USA) were precoated with IFN-γ Ab (clone R4-6A2; PharMingen) and blocked with complete medium containing FCS. Dispersed islet cells were coincubated with 5 × 10 5 P815 cells (American Type Culture Collection, Manassas, Virginia, USA) and NRP-V7, INS, or TUM peptides (1 µg/ml) for 36 hours. IFN-γ secretion was detected with a second, biotinylated IFN-γ Ab (clone XMG1.2; PharMingen). Spots were developed using alkaline phosphatase conjugate substrate buffer (Bio-Rad Laboratories Inc., Hercules, California, USA), counted, and expressed as a proportion of the total number of islet cells.
Results

Detection of autoreactive CD8 + T cells.
To establish first that NRP-reactive CD8 + T cells could be detected directly ex vivo, H2-K d tetramers were generated bearing the peptides NRP, NRP-A7, and NRP-V7. NRP-V7 is a heteroclitic analogue of the previously described peptides NRP and NRP-A7, possessing superior agonistic activity (10, 23) . H2-K d tetramers bearing the β cell peptide, INS, and an irrelevant peptide, TUM (24), were used as controls. MHC class I tetramers complexed to NRP-V7 stained islet-associated T cells more intensely and bound to a significantly greater number of T cells than tetramers bearing the peptides NRP or NRP-A7 ( Figure 1a ). We therefore chose to examine freshly isolated islets using the index peptide, NRP, the high-avidity analogue NRP-V7, as well as the previously reported INS peptide ( Figure 1 , b and c, and Table 1 ). In freshly isolated islets from 4-to 5-week-old mice, the number of INS-reactive CD8 + T cells ranged from 0.60% to 10.0%, a value less than that reported by others (9) . The proportion of INS-reactive cells in the islets declined to less than 3% by 7-10 weeks of age and declined further thereafter. In contrast, the NRP-reactive population of CD8 + T cells first appeared at 7 weeks of age and peaked at 11-14 weeks of age, when the proportion of CD8 + cells within islets that stained with the NRP-V7 tetramer ranged from 1.61%-36.8%. Although the age of peak NRP-V7 staining roughly paralleled that of NRP, use of the high-avidity NRP-V7 analogue permitted detection of a much higher number of autoreactive T cells as compared with the index NRP mimotope ( Figure  1c and Table 1 ). To confirm that the NRP-V7-reactive cells were functional, we counted the number of isletassociated cells that produced IFN-γ in response to NRP-V7, INS, or TUM peptides using ELISpot assays ( Figure  1d ). Approximately 0.2% of total islet cells secreted IFN-γ in response to NRP-V7-a number that was consistent with the proportion of NRP-V7-reactive T cells contained within the total islet cell population as determined by NRP-V7 tetramer staining and a value significantly greater than that obtained using either INS or TUM.
Detection of peripheral blood autoreactive T cells. Having established that INS and NRP-reactive T cells could be detected from islets ex vivo, we attempted next to determine whether they were detectable in peripheral blood and if their presence could act as a surrogate marker for infiltration of pancreatic islets. Although INS-reactive , and 15-18 (n = 14) weeks of age. NRP staining performed only at 4-5 weeks, n = 3; 7-10 weeks, n = 7; 15-18 weeks, n = 10. Data is shown also for nondiabetic mice at 32 weeks of age (n = 5). ND, not determined; PE, phycoerythrin.*P < 0.001 compared with TUM at each age. (d) Islet cells pooled from 4 mice (13-16 weeks of age) were assayed by ELISpot for IFN-γ secretion in response to TUM, NRP-V7, or INS (n = 4). Naive spleen cells from an 8.3-TCR NOD mouse were used as negative control. *P < 0.0001 compared with TUM, # P < 0.05 compared with INS. Inset: representative ELISpot assay: duplicate wells containing 20,000 islet cells from 14-week-old NOD mice.
CD8 + T cells were detectable in the islets of 4-to 5-weekold mice (Figure 1, b and c) , at all time points examined (weekly intervals from 4 to 18 weeks of age), INS-reactive T cells could not be detected in the peripheral blood. The NRP-V7 tetramer was chosen to analyze the peripheral blood of NOD mice, because in a fashion similar to the pancreatic islets (Figure 1a ), NRP-V7 tetramers detected a higher proportion of NRP-reactive cells in the peripheral blood than the NRP-A7 or NRP tetramers (data not shown). Mice from three age-specific groups representing early (9-10 weeks), middle (11-14 weeks), and late (15-17 weeks) stages of disease pathogenesis were sacrificed, and blood, islets, and lymphoid organs from each mouse were stained directly ex vivo with the NRP-V7 tetramer. Autoreactive T cells were clearly detectable in peripheral blood from each group of mice, and their presence in circulation was associated with the presence of autoreactive T cell infiltration of both pancreatic islets and lymphoid organs (Figure 2 ). In the vast majority of the animals examined (27/30) , the presence of NRP-V7-reactive T cells in peripheral blood correlated with the presence of a similar population of T cells in pancreatic islets; however, the exact percentage of NRP-V7 + CD8 + cells in the peripheral blood did not correlate with the percentage present in the islet infiltrate (r = 0.23, for all ages). There were also a few instances (3/30), where NRP-V7-reactive T cells were present in islets, but could not be detected in peripheral blood.
Dynamics of autoreactive T cells and prediction of autoimmune diabetes.
Because the presence of autoreactive T cells in peripheral blood reflected their accumulation in pancreatic islets, we reasoned that screening the peripheral blood of individual animals over time might allow us to predict which animals would develop diabetes. Blood was obtained weekly from 6 to 32 weeks of age, or until the onset of diabetes, and autoreactive CD8 + T cells were tracked using the NRP-V7 tetramer. Mice that became diabetic were maintained with exogenous insulin and monitored for four additional weeks. Several initial observations were made regarding the dynamics of circulating autoreactive T cells before diabetes onset (Figure 3a) . The earliest detection of NRP-V7-specific T cells in blood occurred at 9 weeks of age, suggesting that before this time, there was insufficient priming and/or proliferation of this autoreactive T cell population to allow visualization in blood. Since insulitis begins at approximately 3 weeks of age (25) , these data also imply that 6 weeks is required for sufficient expansion of primed T cells in pancreatic lymph nodes for them to become visible in peripheral blood. Importantly, mice destined to develop diabetes had significantly larger populations of NRP-V7-reactive T cells in the peripheral blood before diabetes onset (i.e., between 9 and 16 weeks of age). Interestingly, these populations appeared in distinct cycles before the onset of hyperglycemia and were markedly decreased in number shortly thereafter, presumably due to lack of antigen as a result of β cell destruction.
To determine whether the presence of β cell-specific T cells in peripheral blood could be used to predict diabetes development, the cumulative percentage of NRP-V7-specific T cells during the prediabetic period was calculated (Figure 3b ). Mice that eventually developed diabetes accumulated a significantly larger proportion of NRP-V7-reactive T cells over time, evident several weeks before the average age of diabetes onset (18.5 weeks). All mice (13/13) that accumulated 0.75% NRP-V7 tetramer-positive cells by 15 weeks of age developed diabetes, whereas all of those that did not (5/5), remained diabetes free for the entire 32-week study period (Table 2 ). Further analysis of the individual mouse data revealed that in the context of weekly monitoring, a single value of greater than 0.50% NRP-V7-reactive T cells in peripheral blood is a strong predictor of diabetes. For example, of the 13 mice that went on to become diabetic, 11 had at least one blood sample showing greater
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The than 0.50% NRP-V7-reactive CD8 + T cells (Figure 3c ). In contrast, none of the five mice that failed to progress to diabetes by 32 weeks of age ever exhibited NRP-V7 staining greater than 0.50%. On the other hand, the data also show that if only a single measurement of NRP-reactive cells were to be made, a criteria of greater than 0.50% NRP-V7 + CD8 + cells would not have had predictive value since the majority of values were less than 0.50%, even for animals that went to develop diabetes (Figure 3c ).
Discussion
Identification and characterization of antigen-specific T cells directly ex vivo during the pathogenesis of autoimmune diseases has proved elusive, in part because of the problems associated with identification of the relevant antigens, and in part because autoreactive T cells are thought to be infrequent and of relatively low avidity for their target peptide. We have demonstrated previously that the islets of prediabetic NOD mice contain a significant number of CD8 + T cells specific for the peptide mimotope NRP (10) . In those experiments, however, islet-associated T cells were expanded by culture with IL-2 before tetramer staining, possibly altering the true proportion of autoreactive cells present. In this study, an MHC class I tetramer complexed to a high-affinity ligand of NRP-reactive T cells (NRP-V7) was used to show that unmanipulated islet cells examined directly ex vivo also contain a significant number of functional autoreactive CD8 + T cells (up to 37% of all CD8 + T cells within islets at any given time recognize the peptide NRP-V7). We further demonstrated, we believe for the first time, that it is possible to visualize autoreactive CD8 + T cells in peripheral blood ex vivo prior to development of a spontaneous autoimmune disease. We found that NOD mice destined to develop diabetes had a significantly higher number of β cell-specific T cells in the peripheral blood, and, accordingly, quantification of these cells resulted in an effective means of predicting diabetes outcome. In general, the presence of autoreactive T cells in peripheral blood signified the presence of inflammatory cells in pancreatic islets. Although a significant correlation between the number of NRP-V7-reactive CD8 + cells in the peripheral blood and pancreatic islets was not observed, this was not unexpected since recently activated autoreactive CD8 + T cells in the peripheral blood were likely in the process of trafficking to pancreatic islets. In support of this notion, tetramer-positive autoreactive cells in the blood also expressed the T cell activation markers CD69 and CD44 (data not shown).
The ability to analyze the proportion of NRP-V7 tetramer-positive cells in peripheral blood on a weekly basis during the prediabetic period revealed novel information regarding circulating autoreactive T cells during the development of autoimmune diabetes. Those Figure 3 NRP-V7-specific T cells in peripheral blood can be used to predict diabetes development. (a) Mean proportion (± SEM) of NRP-V7 tetramer-positive CD8 + B220 -cells in peripheral blood of mice that developed diabetes (filled circles; n = 13) versus mice that remained nondiabetic to 32 weeks of age (open squares; n = 5). Mice from different litters were analyzed in two groups, beginning at 6 (n = 6) or 9 weeks of age (n = 12). Most diabetic mice were removed from the study after 21 weeks of age. The difference in NRP-V7 tetramer-positivity between diabetic and nondiabetic mice was significant for every time point from 9 to 16 weeks of age (bar; P < 0.001). For diabetic animals, the differences between NRP-V7 tetramer-positive peaks (*) and the time points before and after the peak were also significant (P < 0.001). mice destined to develop diabetes not only had a significantly larger proportion of NRP-V7-specific CD8 + T cells in the peripheral blood, but the appearance of these autoreactive cells occurred in distinct cycles. This finding raises the possibility that each cycle represented a round of clonal proliferation of autoreactive T cells undergoing avidity maturation (10, 26, 27) . In this model, the final expansion before disease onset would be the T cell population with the highest β cell avidity, capable of the most efficient β cell destruction.
Importantly, the quantification of autoreactive T cells in the peripheral blood each week permitted prediction of diabetes occurrence. A cumulative sum of 0.75% NRP-V7-reactive cells in the peripheral blood between 9 and 16 weeks of age predicted diabetes outcome with increasing sensitivity as the animals approached hyperglycemia. We also observed that in the context of weekly monitoring, any mouse with greater than 0.50% NRP-V7-reactive cells at any one time became diabetic. Even for mice that went on to develop diabetes, however, the majority of their weekly samples contained less than 0.50% NRP-V7-reactive CD8 + cells (Figure 3c) . Thus, for any prospective study to predict diabetes occurrence in mice, our experience suggests that weekly monitoring will be required, and that the cumulative sum of autoreactive T cells (rather than a single measurement) will be the most useful and accurate predictor.
Prediction of diabetes in humans or mice is currently based on the presence of autoantibodies targeted to the β cell proteins insulin, glutamic acid decarboxylase (GAD), and ICA512/IA-2. In humans, the presence of all three autoantibodies predicts the development of diabetes within 5-10 years with a sensitivity ranging from 60%-100% (4, 28) . In mice, the presence of serum autoantibodies has been shown to vary considerably between both diabetic and nondiabetic mice (5, 29, 30) . A recent workshop validated the presence of antiinsulin autoantibodies (anti-IAA) in prediabetic NOD mice, but questioned the role of both ICA512/IA-2 and GAD Ab's (5). Consistent with these findings is a recent study showing that the presence of IAA in NOD mice is strongly associated with development of diabetes and that the age of IAA appearance correlates with the age of disease onset (31) . Because tetramers directly detect β cell-specific effector T cells, tetramer screening offers a complementary approach for identification of prediabetic individuals. Because IAA appear first at 8 weeks of age and the presence of NRP-reactive T cells appear at 9 weeks of age, these two assays together provide a very powerful tool for diabetes prediction in the NOD mouse. While the utility of human leukocyte antigen (HLA) tetramers for predicting human disease cannot be assessed until human CTL autoepitopes are identified, we envision that they may eventually permit earlier and more specific prediction of disease. In particular, tetramers might be used to identify prediabetic individuals well before disease onset, potentially allowing for interventions aimed at preserving β cell mass.
The ability to visualize a significant number of autoreactive CD8 + T cells resulted from the application of an MHC class I tetramer complexed with a high-avidity peptide analogue of a β cell epitope. Development of high-avidity mimics of low-avidity autoepitopes thus introduces a novel general principle for the design and use of tetramers aimed at detecting autoreactive T cells. In light of these results, it is reasonable to speculate that previous attempts to detect autoreactive T cells in peripheral blood were hampered by the low avidity, in combination with the low frequency, of target T cells. In fact, previous attempts to detect circulating GAD-specific CD4 + T cells (12) or INS-specific CD8 + T cells (9) in NOD mice or other naturally occurring autoepitopes in different autoimmune diseases (11, 13, 14) using MHCtetramers required expansion of T cells either by repeated immunizations with the target peptide or prolonged in vitro culture. Previous work examining autoreactive CD8 + T cell populations in pancreatic islets taken directly ex vivo using an endogenous insulin peptide found that up to 80% of islet-associated T cells were specific for a peptide derived from the INS (9). In our study, we were also able to detect INS-specific CD8 + cells in the pancreatic islets of young NOD mice, albeit at a lower frequency, but we were unable to detect these cells in the peripheral blood. Because the endogenous counterpart for the NRP peptide is not yet known, we do not know how its avidity compares with the avidity of the naturally occurring peptide. Given that analogues of increasing avidity (NRP-A7 and NRP-V7) can detect a higher proportion of NRP-reactive cells, it suggests that highavidity analogues of naturally occurring epitopes might also be required to visualize low-avidity autoreactive cells. In light of these results, a high-avidity heteroclitic analogue of the insulin peptide might permit more sensitive detection of INS-reactive CTLs, particularly in young mice, thereby clarifying further the role of the INS epitope in the progression of disease.
Identification of antigen-specific T cells in peripheral blood with MHC tetramers has thus far only been possible following viral (7) or bacterial (6) infection, where CTLs specific for those pathogens are thought to be of relatively high affinity for their target antigen. It is interesting that the only instance where autoreactive T cells have been identified in peripheral blood using MHC class I tetramers before our study is in the case of vitiligo, a chronic autoimmune skin disease (8) . In vitiligo, CTLs specific for a melanocyte antigen were found in the peripheral blood of patients, and the frequency of melanocyte-specific CTLs was proportional to the severity of disease. These findings support our hypothesis that autoreactive T cells are difficult to detect in the peripheral blood prior to symptoms of autoimmune disease because of both their low avidity and low frequency.
In a disease such as vitiligo, where the target antigen in skin is maintained for a prolonged period, continual stimulation of T cell populations is likely to generate highly avid autoreactive T cells that are easier to detect. Moreover, because autoreactive CTLs were visualized in blood obtained from patients with ongoing disease, it is not surprising that the frequency of autoreactive cells would also be high. This is not the case in autoimmune diabetes, where at the time of clinical presentation the bulk of the cognate antigen (β cell proteins) is lost, and the frequency of autoreactive T cells is low (Figure 3c ). Finally, peripheral blood measurements of autoreactive CD8 + T cells using tetramers may offer possibilities beyond type 1 diabetes. Our findings suggest that it will be possible to detect and quantify autoreactive T cells in other autoimmune diseases that involve CD8 + T cells, such as experimental autoimmune encephalomyelitis or primary biliary cirrhosis (32) . Indeed, a high priority should now be placed on the identification of human CD8 + T cell epitopes in diabetes, as well as other autoimmune disorders, to exploit HLA tetramers for prediction of disease.
